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TURBORROP-ENGINE DESIGN CONSIDERATIONS 
I _ effect of mode OP MGINE OPEEIATIQN ON PERFORMANCE OF TORBOIROP 
ENGINE WITH CURRENT COMPRESSOR PRESSURE RATIO 
By Elmer H. Davison. 


SUMMARY 

A cycle analysis was made of a turboprop engine for various modes 
of operation over a range of fl l.ght conditions in order to determine 
wiiether one mode of operation has any marked advantages. Operation with 
constant canrpressor equivalent design speed, with constant design engine 
rotative speed, with adjustable turbine stators, and with variable 
exhaust-nozzle area was considered. The compressor design pressure 
ratio was 7.32, and the flight conditions Investigated ranged from sea- 
level take-off to 600 miles per hour at 40,000 feet. 

It was found that decreasing the f 1 1 gbt. velocity from the, maximum 
considered or decreasing the altitude below the tropppause Increased 
the specific fuel consumption. At any given flight condition the spe- 
cific fuel consumption increased rapidly with decreasing power. The 
method of e 2 ogine operation had a negligible effect on specific fuel 
consumption at hi^ power. At low power the specific fuel consvimption 
can be Improved by allowing the rotative speed of the engine, the stator 
areas of the turbine, and the exhaust-nozzle area to vary. The turbine 
design requirements for an engine operated with a constant exhaust- 
nozzle area are more severe than for variable exhaust-nozzle area. 


INTRODUCTION 

The effects of different modes of engine operation on turboprop- 
engine performance are being studied. The cycle analysis reported 
herein was made in order to determine if any marked 1 n^rovement in the 
performance of a tiarboprop engine having low compressor pressure ratio 
could be achieved by operating under one of the various modes of opera- 
tion considered. 
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TMs investigation, which, was conducted at the NACA Lewis labora- 
tory, is a continuation of the investigation reported in reference 1. 

The performance data of. a.particiilar low-pressure-ratio compressor typi- 
cal of those currently being used in . tturboprop engines were used in the 
analysis. At design-point operation the. pres sure ratio is 7.32, the 
equivalent weight flow per unit compressor frontal area (based on com- 
pressor blade tip diameter) is 26.9 pounds per second per sqimre foot, 
and the compressor is operating near .peak efficiency at S3 percent. 


Pour inodes of engine operation .were considered for flight condi- 
tions ranging from take-off to speeds of 6 00 ml l es per hour at a 40,000- 
foot altitude. These four modes of operation were; 

I. The engine rotative speed remained constant. 

II. The compressor was maintained at design equivalent conditions 
at all times ^ 

III. The compressor was operated at constant equivalent design 
speed. 

IV. The ccmpressor . was operated at the fixed equivalent conditions * 

which minimized the specific fuel consumption for 600 miles per hoirr at . .._ 

40, 000 feet . 

The engine parameters investigated were specific fu^ consumption, 
turbine-inlet ten^jerature, turbine pressure ratio, exhaust-nozzie area, 
rotative speed, and equivalent weight flow at turbine entrance. 


SYMBOLS 


The following symbols are used in this report: 

F Jet thrust, lb 

P engine power (shaft horsepower plus equivalent shaft horsepower 
of net thrust) , hp 

p pressure, Ib/sq ft 

sfc specific fuel consumption, Ib/hp-hr 

T temperature, 

V flight velocity, ft/sec 

w weight flow, Ib/sec 


> 3343 ' 
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5 ratio of pressure to 2116 Ib/sq. ft 

T) efficiency 

9 ratio of temperature to 518,4° E 

Siibscripts; 
c compressor 

n net 

p propeller 

s sea-level static 

t turbine 

1 ambient 

2 compressor inlet 

3 compressor outlet 

4 turbine inlet 

5 turbine outlet 

6 exhaust-nozzle outlet 
Superscript; 

' total or stagnation state 


ANALYSIS 

Assigned Flight Conditions and Operating Modes 
The four flight conditions 'considered were: 



Flight condition 

0 

A 

B 

C 

Altitude j ft 

0 

40,000 

o 

V, 

o 

o 

o 

19,000 

Fli^t speed, mph 

0 

600 

400 

400 

Flight speed, knots 

0 

521 

347 

347 
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Over the range of flight conditions investigated, the following 
four modes of engine operation were considered; 

I. The engine rotative speed remained constant. 

II. The compressor was maintained at design equivalent conditions 
at— all times. 

III. The compressor was operated at constant equivalent design 
speed. 

IV. The compressor was operated at the fixed equivalent conditions 
which minimized the specific fuel consumption for 600 miles per hour at 
40,000 feet. 

Modes II and IV required turbine stator adjustment in order to be reeil- 
ized. The compressor operating point for mode IV was selected after the 
variations in specific fuel consxmiption had been calculated for the 
first three modes. 

A take-off (design) turbine -inlet temperature of 2060° R was as- 
signed for modes I to III. The compressor operating conditions for 
mode IV were different from the other three fflod.es at take-off, which 
resulted in different engine operating conditions for the same take-off 
power. For this reason, a range of turbine -inlet temperatures was as- 
signed at take-off for mode IV, which enabled the engine operating con- 
ditions for mode IV to be determined when the engine power output was 
the same as that for the other three modes. 

At the altitude of 40,000 feet a range of turbine-inlet temperature 
frcm 1600° to 2400° R was assigned for all modes, while at the altitude 
of 19,000 feet a range of turbine-inlet temperature frcm 1400° to 2200° R 
was assigned for alll modes. 

The ccmpressor performance map used in the cycle analysis is re- 
produced frcmi reference 1 in figure l(a) . The efficiency contours and 
rotative speed lines have been extended for this analysis. The compres- 
sor operating conditions for the four modes of operation at the four 
fli^t conditions considered are shown in^figinres l(b) to (e) . The 
lines of constant, turbine-inlet temperature shown on the maps apply only 
to modes I and IH and will be discussed ’later. For modes II and IV, 
the compressor equivalent conditions remain constant at the values in- 
dicated in figures l(b) to (e) . For mode III, the compressor operates 
along the line of 100-percent equivalent rotative speed. For mode I, 
the compressor operates at a constant rotative speed, which res\iltB in 
compressor operation along a different constant equivalent speed line 
for each flight— condition. - 
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Cycle Analysis 

The cycle analysis for modes I and IH was carried out in the same 
manner as discussed in reference 1. The details of this analysis are 
discussed in the appendix. 

For modes II and IV the continuity equation (Al) of the appendix no 
longer determines the taoperature ratio T^/t^ between the turbine and 

compressor Inlets for a given compressor wei^t flow W 2 

pressinre ratio p^/p^, because the turbine-inlet equivalent wei^t flow 

^ 4^/54 is no longer considered constant. The mass flow through the 

engine for modes II and IV is determined in these cases by the operating 
point selected for the ccmrpressor and the particular fli^t condition 
under consideration. Except for the continuity consideration between 
the compressor and turbine, the cycle analysis for modes II and IV was 
also carried throu^ in the same manner as in reference 1 . 

The cycle analysis of reference 1 was extended, in that the spe- 
cific fuel consumption was calculated for the different modes of engine 
operation and flight conditions. These calcvilated values were based on 
the total power output of the engine P*. Curves of specific fuel con- 
sumption were calcTolated for the following two engine configurations at 
each turbine -inlet temperatinre; 

( 1 ) The exhaiist-nozzle area was selected so that the minimum spe- 
cific fuel consumption was obtained for any given turbine-inlet temper- 
ature, flight condition, and mode of engine operation. At take-off an 
exception was made, because the exhaust-nozzle area required for mini- 
mum specific fuel consumption would be unreasonably large. The exhaust- 
nozzle area selected for this flight condition resulted in an area ratio 
Ae/^c 1.4:0, which represents a good ccraprcmise between exhaust- 
nozzle area and specific fuel consimrption. 

( 2 ) The engine was considered to operate with a fixed exhaust- 
nozzle area. For the analysis reported herein, the exhaust-nozzle area 
selected was such that the ratio Aq/A^ was 1.40. This area ratio 

represents a good compromise between optimum ccnditlons at take-off and 
the other flight conditions considered. 

The following conditions were assiimed for the analysis; 


Ram recovery, percent 100 

Propeller efficiency, iip, percent 80 

Gearbox efficiency, T]g, percent 95 

Burner total-pressure ratio, P 4 /P 3 0.95 
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Biimer efficiency, percent 100 

Turbine adiabatic efficiency (based on turbine total-pressure 

ratio), percent 95 

Tail-cone total-pressure ratio, p^/p^ • 0.95 

Exhaust-nozzle efficiency, percent ........ 100 

Ratio of specific heats in conipressor 1.40 

Ratio of specific heats in turbines .......... 1.30 

Gas constant, ft-lb/(lb) (‘^) 53.4 


The turbine-inlet equivalent weight flow w^ assumed to be 

constant for operating modes 1 and III, which implies that the first ' 
turbine stator~ls choked for ni i conditions analyzed. The turbine-inlet 
equivalent weight , flow ^ 4 . was allowed to vary for operating 

modes II and IV, which Implies that the turbine stator areas are ad- 
justable in order to accommodate the variation in turbine eqiiivalent 
weight flow. The air flow throu^ the compressor was assumed equal to 
the gas flow through the turbine. The jet velocity was calculated from 
the ratio of exhaust-nozzle total pressure to ambient-^r pressure 
p^/pj^, a nozzle efficiency of 100 percent, and the turbine- outlet total 

temperature. • - — ■ - ■ ■ - - -- 


RESUITS AND DISCUSSION 

The results of the cycle analysis are presented in figures 2 to 7. 
Figures 2 to 5 present the variations in engine power with exhaust- 
nozzle area for lines of constant turbine-inlet teinperature and turbine 
total-pressure ratio for the different modes of engine operation and 
flight conditions considered. The engine power plotted in these fig- 
ures is the sum of the shaft horsepower delivered to the propeller pli^ 
the equivalent shaft horsepower of the net jet thrust. Figures 2 to 5 
show the effect of the division of the over-sUL expansion ratio P 4 ./PX 

between the turbine and the exhaust nozzle on the engine power. In 
addition, they are vised in determining the turbine design requirements 
for the various operating conditions. 

Figure 6 , which shows the variation in specific :^el consumption 
with engine power for various flight cpn<^tionsj..was cprmtructed by 
calculating the specific fuel consumption for those points from fig- 
ures 3 to 5 where the power output of the engine reaches a maximum for 
any given turbine-inlet temperature. Reference 2 was used for these 
specific-fuel- consvimption calculations. As a result of the manner in 
which figure 6 was constructed, it represents the min -I mum specific fuel 
consumption that can be phtained from the pngine at any given power 
level, flight condition, and mode of engine operation. The achievement 
of these values of specific fuel consumption requires the use of an ad- 
justable exhaust-nozzle area. 
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Tlie variation in specific fuel consumption with engine power for 
various flight coiiditions is also presented in figure 7. Figure 7, 
however, was constructed hy ceLlculatihg the specific fuel consumption 
from figures 3 to 5 for a constant value of the ratio of exhaust-nozzle 
area to compressor frontal area of 1.40 and various turhlne- 

Inlet temperatures. Figure 7 represents the specific fuel consun®tion 
obtainable from the engine at any given power level for operation with 
constant exhaust-nozzle area. The value of 1.40 for represents 

a good compromise betwe_en the optimum engine operating conditions for 
take-off and the other f H gbt , conditions ccnsidered. 

Figure 6(a) shows that the compressor operating point selected for 
mode IV did not, as intended, give the lowest specific fuel consumption 
at n.1 1 power levels. The choice of the compressor operating conditions 
for mode IV was based on the trends of the curves of specific fuel con- 
sumption for the other, three modes of operation. Increasing power out- 
put for mode HI results in Increasing compressor pressure ratio and 
moves the compressor toward surge. If the compressor could be operated 
at these high pressure ratios, a curve of specific fuel consumption 
similar to that for inode H co\ild be obtained that would have lower 
sfc over the entire power range than the other modes. A sli^t varia- 
tion in the conpressor operating point selected for mode IV would have 
given a lower specific, fuel. constaiiptlon at all po^r levels than the 
other three modes considered. The difference in specific fuel consimip- 
tion between modes III and IV at the higher power ratings is a meastire 
of the calculation accuracy maintained in the analysis. 

Figures 6 and 7 show that the minimum specific fuel consumption is 
obtained at flight condition A (600 mph at 40,000 ft). Dropping the 
flight speed to 400 miles per hour (condition B) raises the whole level 
of the speclfic-fuel-consumptlon curves, while decreasing the altitude 
to 19,000 feet (condition C) further raises the specific fuel consump- 
tion. At any given flight condition, the specific fuel consunption 
increases rapidly with decreasing power. At the higher powers these 
curves show that there is no marked advantage of one mode of operation 
over another. It is only in the low-power range that there is any 
marked advantage of one mode of operation over another. 

At high power (figs. 6 and 7) there is little difference in spe- 
cific fuel consumption between operation with constant and with vari- 
able exhaust-nozzle area. However, at the lower end of the power range 
some improvement in specific fuel consumption may be achieved by ad- 
justing the exhaust-nozzle area. 

The maximum pressure ratio for which the tvirbine must be designed 
and the range of pressure ratio over which it must operate can be re- 
duced by adjusting the exhaust-nozzle area. This is apparent, for 
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example, frcm figure 3(a) . Thus, even thou^ the specific fuel con- 
sumption is not improved to any great extent hy adjusting the exhaust- 
nozzle area, the turbine requirements could be made less critical. The 
turbine pressure ratios obtained for the different modes of operation 
were comparable. 

In converting the net Jet thrust into equivalent shaft horsepower, 
a propeller efficiency of 80 percent was assumed. This eissumed propel- 
ler efficiency does not influence the vsQ.ues of specific fuel consump- 
tion calculated to any great extent, because the equivalent shaft horse- 
power of the net thrust is, in general, a small part of the engine power 
for the conditions considered. 


CONCUJSIONS 

The effect of different modes of operation on the performance of a 
low-compressor-preBsure-ratlo turboprop engine was analyzed. The follow- 
ing conclusions were reached; 

1. The lowest specific fuel consimption for the engine occurred at 
the highest flight velocity and altitude considered. Either decreasing 
the f .light velocity or decreasing the altitude below the tropopause re- 
sulted in higher specific -fuel-consumption values for the engine. 

2. At any given flight condition the specific fuel consumption in- 
creases rapidly with decreasing power. The difference in specific fuel 
consumption at hi^ power between operaticn with constant and with 
variable exhaust-nozzle area and between the different modes of opera- 
tion is negligible. At low power the specific fuel cansimoption can be 
improved by allowing the rotative speed of the engine, the stator areas 
of the turbine, and the exhaust-nozzle area to vary. 

3. The turbine requirements for an engine operated with a constant 
exhaust-nozzle eirea are more severe than for variable exhavist-nozzle 
area. For constant exhaust-nozzle area, the turbine must operate over 
a greater range of turbine total -preastire ratio and at a higher maximum 
turbine total-pressure ratio. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, April 19, 1954 
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APPENDIX - CYCLE ANALYSIS 

Compressor performance . - With, the use of the over-all compressor 
characteristics shown in figure 1, a cycle analysis was made of equl- 
lihrium engine orperation. 

The continuity req.uirements "between the turbine and compressor are 
given by equation (l) of reference 1 as follows: 



For modes I and HI it is assvmied that the turbine-inlet equivalent wel^t 
flow W4. is constant. This assumption implies that the first 

turbine stator is choked for a"l 1 the operating conditions considered. 

With these assimiptlons it is possible to construct the lines of constant 
turbine-inlet temperatiire on the compressor performance maps shown in 
figures l(b) to (e) . These li nes were constructed for an assigned 
turbine-inlet temperature of 2060 ° R at sea-level static and compressor 
design-point operation. Thus, for modes I and III it is possible to de- 
termine the compressor operating conditions from figure 1 for any given 
turbine-inlet temperature and flight condition. 

For modes IT and IV the compressor equivalent operating conditions 
were fixed for all flight conditions and turbine-inlet tempeiratures . 

For these conditions the turbine-inlet equivalent weight flow in equa- 
tion (a 1 ) is no longer constant. This implies that the tiorblne stator 
area must be varied in order to accommodate the variations in turbine- 
inlet equivalent weight flow. The lines of constant turbine -inlet tem- 
perature shown in figxares l(b) to (e) are, therefore, not applicable to 
modes II and IV. 

Fuel consumption . - The fuel consumption was calculated by the meth- 
od given in reference 2 for an assumed combustion efficiency of 100 
percent - 

Tinrbine performance . - In calculating turbine performance, a con- 
stant turbine adiabatic efficiency of 85 percent based on the turbine 
total-pressure ratio was assumed. The basis of this assumption is that 
the range of turbine pressure ratio and equivalent rotative speed over 
which the turbine operates is not unduly large. 
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Exhaust-nozzle axea . - For any fll^t condition in which the pres- 
sure ratio across the exhaust nozzle was equal to dr greater than that 
required f or— cholting, the choking exhaust -nozzle area was used. When 
the pressure ratio was not great enough to choke the exhaust nozzle, 
ajnbient-alr pressure was assxiined at the exit of the exhaust nozzle in 
order to calculate the exhaust -nozzle area. 

Engine power . - In order to determine the variations in engine 
power output at a given flight condition for varyii^ amounts of the 
over-adl expansion ratio taken across the turbine, the net Jet 

thrust was converted into an equivalent shaft horsepower by using the 
assumed propeller efficiency of 80 percent. That is, 

P* - ng (Pt - Pc) + 5^. (A2) 

Because the Jet thrust cannot be converted into an equivalent shaft 
horsepower in the previously mentioned manner at the static sea-level 
condition, a conversion factor between stiaft horsepower and static 
thrust must be assimed. For tMs analysis the conversion factor as- 
simed was 3.62; thiis, for sea-level static conditions, 

= Hg (Pt “ ^c^ + 3762 
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(a) Craopressor parfomaTxce (ref, 1). 


Figure 1, - Effect of flight condition and mode of engine operation on compressor performance. 
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(l)) CongireBBcr pexfontance far 8ea-le7al static fUgbt conAltlon (coodltlon 0). 

Figure 1. - Contlmiel, Effect of flight condition and node of engine pperatiou on canpreseor pexfoimance 
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(c) CaatprsBBor parformanoe for 600 Jjilx at 40,000 feet (condition A). 

Figure 1. - Ckratinuad. Effect of fll^t eonaitioa and mode of engLna operation on conqiraBSor perifoanaance 
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Ccmpreaaar operating iicds HI 


Ccmpreesor 

Internal 

efficiency 


EqTxlTalent vei^t flow per unit conpreBBor frontal area, ' q T ^ i 

(a) Ccn^e»*or perfanaance for 400 aph at 40,000 feet (ooalltloii B). 

Figure 1 . - Continued. Effect of fligjit coodltlon and ooda of engine operation on compreeBor perf03a»iuce 
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BjulTalent ’sal^t flow per Tmlt campreBBor Crontal area, Trr^i 

' a 'A ' BO ft 
2 0 

(e) CoopreBBor perfarmanca for 400 n^iji at 19,000 fe«t (oonditlon C). 

Figure 1. - Conoludad. Effect of fU^t condltloa and node of engine operation on ccnipraBBor perfonnance. 
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Figure 2. - Effect of fU(^t condition and mode of engine oiperatlon on engine design 
requirements. Plight condition 0 (sea-level static or take-off). 
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Ratio of exhauat-nozzle area to campresBor frontal area, Ag/Aj, 


(a) Mode X. 

Figure 3. - Effect of flight condition and mode of engine operation on engine design 
requlreiaenta . Fll^t condition A (6CX3 mph at 40,000 ft). 
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(c] Mode m. 

Flsnre S. - CoutUnad. Sffeet of fU^ esodltloa and node at engine ogpemtlon on engloe dMl^ 
requlroBnate. 711^ condition. A (600 ng^ at i0;000 ft). 
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Figure 3. - Concluded, Effect of flight condition and mode of engine 
operation on engine design requirements. Fli^t condition A 
(600 mptL at 40,000 ft). 



Ratio of horsepower plus eijul-raleat shaft horsspawer of net 

thrust to coDtpcreaeor frontal area, 'P*/k^, hp/aq ft 



(a) Mode I. 


Figure i. - Effect of flight condition and mode of engine operation on engine design requlreaieiitB , Flight 
condition B (iOO at 40,000 ft). 
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(c) Mode III. 

Figure 4, - Continued, Effect of flight coniltion and mode of engine operation on engine design 
requlreanentfl. Flight condition B (400 n^ih at 40,000 ft). 
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Figfure 4. - Concl'uded. Effect of flight condition and ffloda of engine operation on 
engine design requirements. Flight condition B (400 n®b at 40,000 ft). 
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(a) Mode I. 

Figure S. - Effect of flight condition and mode of engine operation on engine 
design requirements. Flight condition C (400 mph at 19,000 ft). 
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(b) Mode II. 


Figure 5. - Continued. Effect of flight condition and aiode of engine operation 
on engine dealgn requirements. Flight condition C (400 mph at 19,000 ft). 
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fc) Mode III. 


Figure 5. - Continued. Effect of fllpjit condition and mode of engine operation 
on engine design re<julreDient8 » Flight oocdltlon C (400 nph at 1 jJ>000 ft). 
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Figure 5. - Concluded. Effect of flight condition and mode of engine 
operation on engine design requirements. Flight condition C (400 
mph at 19,000 ft). 
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(b) Fltgjit condition B. 

Figure 6. ~ Continued. Variation of specific fuel consxunptlon with' power output for variable exhaust-nozzle 
area. Minimum specific fuel consumption. 












( 





{■.] Flight oondltloo A. 

FLguri 7. - VnplaUon of opoalflo fu«l oonauniitlizi with power output for aauttat BXhmiet~n«cxle aria. Katlo of exhnuat^nexcle erea 
te oowpreiior Aroiul area, 1.40, 
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Plsure 7. - Ccaioluded. Variati^ of speolflo fuel aonaiunptlon with power output for constant exhaust- 
nozzle area. Ratio of exnauBt-nozzle area to oompreaaor frontal area^ 1.40. 
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